INTRODUCTION
The first cancer vaccines used proteins or cells as immunogens to elicit immune responses to tumor associated antigens.
Gene transfer techniques have provided new methods for stimulating the immune response. Among the array of techniques being developed for clinical application, DNA vaccines (also termed nucleic acid, polynucleotide, -plasmid or genetic vaccines) have emerged as a novel and effective method of inducing tumor antigen-specific immune responses.
DNA vaccination relies on delivery of plasmid DNA molecules encoding an antigen of interest. There are several advantages to this mode of delivery. Perhaps most importantly, both antibody and cellular immune responses are elicited. The in vivo synthesis of the encoded antigen allows the protein to be processed for presentation on the major histocompatibility class (MHC) class I complex, promoting the generation of class I restricted cytolytic T lymphocytes (CTL). CTL are known to be important mediators of the antitumor immune response and their activation against tumor antigens is critical to the success of cancer vaccine approaches. Furthermore, and in contrast to protein vaccines prepared in nonmammalian hosts, synthesis of the antigen in vivo allows appropriate folding and post-translational modification of the protein. DNAbased vaccines also result in extended expression of the antigen, supporting persistent antitumor immune responses.
Additional factors favoring the development of plasmid DNA-based immunization strategies include the relative ease and inexpensive nature of vaccine preparation, as well as its stability. As discussed in more detail below, DNA vaccines prepared in bacterial hosts are inherently immunostimulatory due to the presence of unmethylated CpG dinulcoetides.
These sequences stimulate a nonspecific immune response that does not interfere with repeat delivery of the vaccine. This contrasts with viralbased vaccines, where pre-existing or vector-induced immune responses can strongly compromise the effectiveness of the vaccine (1, 2) . Safety considerations also favor polynucleotide vaccines compared to viral vaccines, because there is no risk for recombination with wild type viruses and the risk of insertional mutagenesis is low. Finally, DNA vaccines have the potential to readily deliver multiple epitopes, and even multiple antigens, in a single injection, an important consideration given the propensity of tumors to escape immune detection by antigen loss variants (3) .
Despite these potential advantages and encouraging preclinical studies, DNA vaccines for cancer have thus far shown only minimal activity in the clinical setting. Many tumor antigens are not mutated, and therefore induction of an immune response to these antigens requires that the immune system be able to recognize and mount an effective response to a 'self' antigen. Initial studies suggest that this will be difficult to achieve in the setting of human cancer. Therefore, improving the potency, and thereby the clinical efficacy, of polynucleotide vaccines has become the major focus of research in the field. This review will delineate some of the approaches, currently under evaluation in preclinical models, designed to address this limitation.
GENE TRANSFER OF DNA FOR IMMUNIZATION
The development of nucleic acid vaccines was sparked by the observation of Wolff and colleagues that intramuscular injection of naked DNA led to the expression of the encoded gene by myofiber cells (4) . Subsequent studies demonstrated the general applicability of this approach for the expression of foreign genes in a variety of species from fish (5) to nonhuman primates (6) . Although an inefficient process, the transferred DNA appears to enter the myofibers via the myocyte caveolae and T tubules (7, 8) . The DNA is maintained in an extrachromosomal form in the nucleus, but expression can be detected for a prolonged period (9) , depending on the immunogenicity of the encoded protein.
Ulmer and coworkers first demonstrated the ability of intramuscular delivery of DNA encoding a viral antigen to elicit a CD8+ T cell, MHC class I-restricted immune response protective against infection, using a plasmid encoding the influenza protein nucleoprotein A (10) . This study provided the rationale to develop DNA vaccines for therapy of diseases, including cancer.
Induction of cellular and h umoral immune responses following delivery of DNA is not limited to intramuscular delivery. The skin is rich in antigen presenting cells (APC) such as immature Langerhans cells in the epidermis, and mature dendritic cells (DC) in the dermis. Tang and co-workers demonstrated the ability of DNA delivered to the skin to elicit a humoral immune response to the encoded gene (11) . In this method, the DNA was delivered following precipitation onto gold microparticles (12) . The gold particles were delivered to the skin under pressure by a ballistic delivery device. The process, commonly referred to as gene gun delivery, does not produce traumatic injury and requires much less DNA to achieve humoral immune response comparable to intramuscular delivery (13, 14) . Induction of effector CTL capable of mediating tumor rejection was subsequently demonstrated in a mouse model of transplantable tumors (15). Intradermal immunization can also be accomplished by injection of naked DNA or by a needle-free jet injection system delivering DNA-coated nanoparticles (16). Mucosal administration of DNA vaccines has also been explored primarily for immunization against infectious disease (17) but may also be applicable for cancer therapy (18). Finally, despite a relatively short half-life in the circulation, studies on the intrasplenic administration of a DNA vaccine (19) demonstrated that strategies to promote uptake of DNA by splenocytes following intravenous administration might lead to induction of humoral and cellular immune responses. The fact that all of these delivery routes results in antigen synthesis and induction of antigen-specific immune responses attests to the flexibility of DNA vaccination. It is important to note that these different routes of administration may lead to qualitatively different immune responses (20,21), and the relative efficacy in humans remains to be determined.
MECHANISM OF IMMUNE RESPONSE FOLLOWING DNA IMMUNIZATION
The ability of DNA vaccines to elicit a cellular immune response paved the way for their development as a reagent for cancer immunotherapy. The mechanism(s) for induction of the immune response following immunization is still not entirely clear, but appears to involve processing of the antigen through both endogenous and exogenous pathways leading to presentation of the antigen in the context of both MHC class I and class II. DNA may transfect both target cells (for example, myocytes after intramuscular delivery) as well as resident APC. Although myocytes clearly synthesize the encoded protein, only APC are capable of delivering the costimulatory signals necessary to effectively prime CTL. A number of studies support the central role for bone marrow-derived APC in induction of the immune response following DNA immunization (22-25).
The findings suggest 'crosspresentation' of the antigen by the APC. Thus, the antigen is produced by the myocytes and transferred to the APC in such a way that the processed peptides are presented in MHC class I, allowing the APC to directly activated CTL. This contrasts with the usual situation in which proteins acquired exogenously by APC traffic into the endolysosomal pathway for degradation and presentation only by MHC class II molecules. Alternatively, or in addition, the APC themselves may be transfected by the transferred nucleic acid (26,27). The in vivo synthesis of the antigen in the cytoplasm of APC promotes presentation of peptide by MHC class I molecules. Presentation of the antigen in the context of both MHC class I and class II in the presence of the appropriate co-stimulatory molecules expressed by APC leads to activation of both CD4+ and CD8+ T cells, promoting both cellular and humoral immunity.
The development of mouse models in which particular aspects of the immune system have been selectively disrupted (genetic knockouts) has allowed more clear delineation of the factors critical for the induction of an effective immune response (28). Investigation of the mechanism of tumor rejection mediated by a therapeutic DNA vaccine in a transgenic mouse model of breast cancer demonstrated the coordinated role of CD4+ and CD8+ cells, antibodies, Fc receptors, perforin, interferon gamma, CD1d-restricted NKT and macrophages, with an important role for activated neutrophils, which may directly lyse cancer cells and affect tumor vasculature (29,30).
FACTORS INFLUENCING INDUCTION OF IMMUNE RESPONSE
A number of features of DNA vaccines influence the nature and potency of the elicited immune response. The composition of the DNA is an initial consideration for plasmid-based vaccines. The dinucleotide CpG is relatively underrepresented in the mammalian genome and areas rich in CpG are frequently methylated as a mechanism of transcriptional regulation. In contrast, DNA plasmids produced in bacterial hosts contain unmethylated CpG dinucleotides, which are recognized by the innate immune system as indicative of the presence of a pathogen (31). Specifically, the sequences are recognized by the toll-like receptor 9 (TLR9) and trigger activation of DC, macrophages, natural killer (NK) cells and NKT cells (32,33). The result is that CpG motifs, either in a plasmid or as purified oligodeoxynucleotides (ODN), are potent adjuvants and can promote Th1 type immune responses (34). CpG-ODN also have an antiapoptotic effect on both CD4+ and CD8+ T cells (35). The presence of these CpG motifs contributes significantly to the overall immunogenicity of DNA vaccines.
In addition to the composition of the nucleic acids, an important determinant of immune response is level of transgene expression. In general, increased immunogen expression augments the immune response. Hence a strong promoter is required to direct efficient transcription of the plasmid-encoded gene, and optimized polyadenylation signals and untranslated regions may contribute to enhanced transgene expression (36). The cytomegalovirus early promoter/enhancer has been widely used to drive expression of the encoded sequences and may be enhanced by the insertion of additional sequences, for example those derived from the adeno-associated virus (37).
Once an optimized vector has been developed, the route of administration may also influence the resulting immune response. As discussed in the previous section, a number of routes of DNA immunization have led to induction of cellular and humoral immune responses, but the nature of the immune response elicited by different routes of administration may be qualitatively different (20,21,38,39,40). In general, gene gun administration of DNA leads to a more Th2-like immune response, with a strong humoral component that may be less effective for cancer therapy. However, this effect can be modified by co-administration of Th1 promoting cytokines (41). The nature of the immune response can be further influenced by the vaccination dose and the schedule of administration (13, 42) .
The antigenicity of the encoded protein is of considerable importance in generating an effective response. The fact that most tumor antigens are 'self' represents a formidable challenge for active immunotherapy of cancer. Modifying the antigenicity of the protein or promoting its uptake by professional APC are key areas of consideration in this respect. The local cytokine milieu also plays an important role in the immune response ultimately elicited. Optimizing all of these factors so as to maximize the effectiveness of the immune response following DNA vaccination has become a major focus of investigation.
STRATEGIES TO ENHANCE THE IMMUNE RESPONSE
DNA vaccines have shown promise in eliciting effective CTL responses to neoantigens, but the weakly immunogenic antigens characteristic of most tumors will require cancer vaccines to be more potent if they are to be clinically useful. Thus, many studies have focused on enhancing the immune response elicited by DNA vaccines. Approaches have investigated every aspect of the vaccine, from delivery of the nucleic acid, to modification of the encoded antigen, to the perturbation of the microenvironment to maximize and tailor the immune response to a Th1 type response ( Table 1 ). The versatility of DNA vaccines is a strength in this respect, as both the nucleic acid and the encoded antigen of interest can be readily manipulated and evaluated.
Because the process of delivery of the nucleic acid to target cells is inefficient, approaches to enhance delivery and/or increase the stability of DNA in vivo can Hydrodynamic delivery of plasmid DNA may be another method to increase transfection efficiency that may be pertinent to vaccines (47). Application of these approaches in the clinical setting will require careful optimization in human subjects.
The ease of manipulation of recombinant DNA allows the encoded antigen to be readily altered in ways that may enhance immunogenicity, and possible manipulations in this respect are numerous and varied. Since uptake and appropriate presentation of the antigen is critical to induction of an effective immune response, several groups have modified encoded antigens to target them to for more efficient uptake by profession APC (48). Antigens fused to either CD40 ligand (49) the extracellular domain of the Fms-like tyrosine kinase-3 (flt-3) ligand (50), or cytotoxic T-lymphocyte antigen 4 (CTLA4) (51) are examples in which the receptor for each ligand is found on surface of DC, targeting the antigen to these cells for an enhanced immune response. Within the cell, the encoded antigen can be modified to promote degradation via the endosomal / lysosomal pathway (52,53) as a means to enhance antigen presentation by MHC class II and increase CD4+ T cell responses. In a similar approach targeting a different pathway, proteolytic processing of the encoded antigen can be promoted by fusing it with sequences directing its ubiquitination (54).
Incorporation of heterologous immunogenic sequences, such as a tetanus toxin CTL epitope, into a tumor antigen resulted in rapid CTL induction against the tumor antigen with protection against tumor challenge (55). For human papilloma virus (HPV)-based cancers such as cervical cancer, codon optimization of the viral antigen gene has proven an effective means of increasing protein expression in mammalian cells and enhancing immune response (56).
Another approach to enhance immunogenicity of DNA vaccines is the co-delivery of DNA encoding cytokines, based on the rationale that a more potent immune response will be elicited if the antigen is presented in a favorable cytokine milieu. To this end, cytokines promoting a Th1 type response, including GM-CSF, IFNgamma, IL-2, IL-12, and IL-18 have been extensively evaluated in preclinical models of infectious disease (57) and cancer (58-60), and have demonstrated the ability of this approach to favorably influence the nature and magnitude of immune response. Based on the rationale that more efficient delivery of the antigen to APC will enhance immune responsiveness, chemokines have been used to attract APC to the site of antigen synthesis. This has been accomplished either by fusion of the antigen to inflammatory chemokines (61) or by co-delivery of the antigen with chemokines (62) .
Additional strategies include co-delivery of anti-apoptotic genes to enhance the survival of DNA transfected DC (63) and co-administration of the antigen-encoding DNA with a soluble lymphocyte activating gene-3 (LAG3) protein as a means to promote cross-presentation of the antigen (64) . In vivo expansion of DC to enhance immune responsiveness has been directed by delivery of a plasmid encoding the flt-3 ligand (65). This approach can be used in combination with convention peptide vaccines to enhance cellular immune response (66) .
The concept of cross-species homologous immunization, also called xenogenic or orthologous immunization, has proven to be an effective method of breaking tolerance to weakly immunogenic tumor associated antigens. This strategy uses a tumor antigen gene derived from a different species than the vaccine recipient to induce a cross-reactive immune response to the host autologous protein. For multiple proteins studied to date, the foreign species ortholog displays enhanced immunogenicity as compared to the autologous or self antigen. This approach leads to immunity that cross-reacts with, and breaks tolerance to, the self antigen. Orthologous immunization has been used successfully in animal models to induce anti-tumor immune responses against either endogenous tumor antigens (67) (68) (69) (70) or tumor promoting factors (71) . Initial clinical studies in prostate cancer using a protein/DC vaccine demonstrated induction of immune response to the self antigen, suggesting the potential utility of this approach in the clinical setting (72) .
The ease of preparation and lack of vectordirected immune response associated with DNA vaccines have led to its incorporation into a variety of heterologous prime and boost strategies, which have proven more efficacious than DNA immunization alone in a variety of preclinical models. These have included the use of DNA vaccines in combination with other genetic vectors (73, 74) or with proteins, for example, adsorbed to PLG microparticles (75) . Although such approaches will be somewhat more complicated to bring to the clinic, the increased potency of combination vaccines may override this consideration.
CLINICAL EXPERIENCE WITH DNA VACCINES
While induction of both T and B cell responses to foreign antigens has been convincingly demonstrated in humans with respect to foreign antigens relevant to infectious disease (76-79) effective application of DNA vaccines for the treatment of cancer has thus far been less successful. Induction of an effective antitumor immune response to weakly immunogenic tumor antigens represents a considerable challenge and, to date, the clinical experience with DNA vaccines has met with mixed results. Clinical studies have supported the general safety and low toxicity of the vectors, but the potency of the immune response has been disappointing and antitumor efficacy has proven elusive.
Several human clinical trials for cancer have been completed to date. Direct intramuscular delivery of DNA encoding a cloned tumor antigen (carcinoembryonic antigen, CEA) has been reported for advanced stage colon cancer (80) . Patients were immunized with a plasmid expressing both CEA and, as a control, hepatitis B surface antigen.
Although protective levels of antibodies recognizing the hepatitis protein were detected in some patients, there was limited evidence of an immune response directed against CEA. Rosenberg and colleagues reported similar findings using a plasmid DNA encoding the melanoma antigen gp100 in a phase I clinical trial for patients with metastatic melanoma (81) . In this trial of 22 patients immunized either intramuscularly or intradermally, no evidence of gp100-specific immune responses were detected, although one patient exhibited a partial response. The authors concluded that no significant clinical or immunological response was generated. This contrasts with previous clinical trials involving the gp100 antigen delivered as a transgene in a fowlpox-based vaccine or as peptides, and emphasizes the need for strategies to enhance immune response to plasmid DNA vaccines. An alternative route of delivery, intranodal, was evaluated in twenty-six patients with advanced melanoma (82) . Infusion of a plasmid DNA encoding tyrosinase epitopes resulted in the induction of an antigen-specific immune response in eleven patients. No clinical responses were seen in this trial, but overall survival was unexpectedly long. A plasmid DNA encoding prostate specific antigen (PSA) was delivered with the cytokines GM-CSF and IL-2 in patients with hormone-refractory prostate cancer (83) . Cellular and humoral immune responses to PSA were detected in two of three patients in the highest dose cohort, and a decrease in slope of PSA levels was noted in these patients, as well.
Levy and co-worker evaluated the immunogenicity of a plasmid DNA vaccine for patients with B-cell lymphoma (84) . Previous clinical studies using proteins representing tumor-specific immunoglobulin idiotype for active immunization have demonstrated clinical benefit for immunized patients (85, 86) ; however preparation of patient-specific protein vaccines is laborious and not feasible for widespread application. DNA vaccination offers the advantage of comparatively rapid and inexpensive preparation. Patients were immunized with a DNA vaccine encoding a chimeric molecule consisting of the patient-specific idiotype fused to the IgG2a and k mouse immunoglobulin constant region chains.
Cohorts of patients were immunized intramuscularly and intradermally using the Biojector needle free delivery device, with or without the addition of plasmid DNA encoding GM-CSF. In all cohorts, most patients generated an immune response to the murine immunoglobulin carrier protein, demonstrating that the encoded protein was produced and was capable of eliciting an immune response. Induction of an immune response to the tumor-specific Id portion of the encoded gene was detected, albeit at a lower frequency. The clinical efficacy of the vaccine was difficult to determine, given prior and concurrent chemotherapy administered to patients, and lack of an unvaccinated control group. Nevertheless, the lack of toxicity and induction of detectable immune response supports further development of this vaccine approach.
It should be noted that these clinical trials were performed in the setting of advanced disease, where induction of an immune response may not be optimal. Nevertheless, collectively the experience with naked DNA transfer in humans for cancer immunotherapy suggests that first generation plasmid DNA vaccines will not be sufficient to elicit a clinically effective immune response against nonmutated self antigens. Translation of the most promising strategies outlined in table 1 into the clinic may address the limitations of current methods.
Two Phase I trials of DNA vaccines directed against human papilloma virus (HPV)-related malignancies have been reported. Immunotherapy of HPV-related malignancies has the advantage that malignant cells express foreign viral antigens. Plasmid DNA encoding MHC class I-restricted peptide epitopes from HPV16 E7 protein was encapsulated in a biodegradable polymer microparticles (PLG) and delivered i.m. (87) . This therapeutic trial for individuals with dysplasia led to increased T cell responses as detected by ELISPOT assay in 10 of 12 patients, and partial histological responses in some subjects in the higher dose groups. Use of the same reagent delivered s.c. or i.m. to women with cervical intraepithelial neoplasia led to detectable HPV E7 immune response in most patients (73%), and complete histological responses in 33% (88) . No serious vaccine related adverse events were reported. These studies suggest that DNA vaccines directed at HPV antigens may have a role in management of HPV-related malignancies.
PERSPECTIVES
The pace of tumor antigen identification has accelerated rapidly in the past few years (89) and will likely increase as new techniques such as expression profiling (90, 91) , SEREX (92) , and proteomic analysis (93) lead to the identification of new potential targets for active immunotherapy. The use of DNA vaccines in preclinical models provides a relatively rapid means of evaluating the potential utility of these candidate antigens in mediating tumor rejection. In addition to traditional tumor associated antigens, DNA vaccines may also find a role in vaccines strategies directed against the tumor vasculature (94, 95). Studies of DNA vaccines in the area of infectious disease will continue to be valuable in developing novel strategies that can be incorporated into cancer vaccines. A recent clinical study targeting infectious disease (malaria) suggests that diversified prime and boost immunization strategies employing DNA in combination with other modes of vaccination can potentiate the immune response in the humans (96) . Although definitive clinical evidence of the efficacy of DNA vaccines in cancer therapy remains to be demonstrated, there is reason to be optimistic about their potential in the management of a wide variety of malignancies. As a relatively nontoxic therapy, DNA immunization may ultimately find its clinical application as an adjuvant in setting of minimal residual disease, where it may be useful in preventing disease recurrence. Eventually, use of DNA vaccines may extend to the cancer prevention. The notable advantages of DNA immunization and its proven safety thus far in clinical studies provides a sound basis for their continued development and eventual incorporation into the management of malignant disease.
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